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Introduction
Through the pioneering work of Sauvage, Stoddart, and others, 1 catenanes (mechanically interlocked macrocycles) are becoming seen as important potential component structures for nanotechnology. One reason for this is that for catenanes composed largely of rigid aromatic units, the combination of the restriction in the freedom of motion of components in some directions (imposed by interlocking), together with that allowed in others, is similar to the degrees of freedom allocated to moving parts in machinery in the macroscopic world. Furthermore, their mechanically interlocked architectures allow catenanes to change the relative separation (and therefore the nature and degree of interaction) between pendant functionality on each macrocycle, by this potentially allowing switching "on" and "off" of particular properties in a manner not open to the majority of topologically trivial molecules. To develop applications of these molecules, it is clearly necessary to fully understand the nature of their inter-and intra-ring interactions. Apart from their structures, their characterization in terms of fundamental and induceable properties must perforce start with the study of the electronic and nuclear motions that reflect the different time-scale dynamics present in the system. Here we report the first study of the high-frequency vibrational states of a mechanically interlocked molecule, the benzylic amide [2]catenane 1 (Figure 1 ). To the best of our knowledge, this is the first vibrational study of any catenane.
Large (i.e., g100 atoms) organic systems that contain conjugated repeat units can be loosely divided in two sets. The first consists of entirely conjugated moleculesspolyenes, polythiophenes, and porphyrins, for example. In the second, one finds molecules whose conjugated moieties are separated by saturated bridges. In terms of properties, the difference between the two sets can be highly significant. Fully conjugated molecules cannot realistically be studied as the sum of their interacting fragments. Polyenes epitomize this kind of behavior. 2 In contrast, when the building blocks are divided by one or more sp 3 carbon atoms, as is the case with benzylic amide catenanes, perturbation theory can still hold and the molecular properties may be determined by analytical models in both the simplest cases of a "dimer" and even in the most complex case of an infinite chain. Difficultiessand implicitly a degree of interestsarise when the number and the roles of the interacting fragments vary.
The prototypical benzylic amide [2] catenane 1 is the simplest member of a large family of molecules prepared through a selfassembly process serendipitously discovered at UMIST. 3 The system consists of four isophthalic diamide and four p-xylyl groups in the form of two identical macrocycles that are † mechanically interlocked and can be viewed as the sum of two sets of four isolated conjugated units. To add further similarity, every moiety is basically a derivatized phenyl group. Owing to the interlocked structure, the interactions between various individual units cannot be assumed to be the same. For example, the interaction of a fragment with a similar fragment in the same macrocycle differs from the interaction between fragments that are not located in the same macrocycles; the first is determined by a combination of through-space and throughbond interactions while the second is only through-space, although it can have an additional contribution brought about by hydrogen bonding. Furthermore, the environments and conformations of each group are not the same, at least in the solid state. 3 Mechanical and electronic interactions can occur and modify the properties of the catenane with respect to those of the macrocyclic monomers. Vibrational spectroscopy is particularly well-suited to provide information regarding mechanical interactions. The vibrational frequencies, and their intensities or cross sections, are a function of the normal modes which, in turn, image the nuclei dynamics. Two main scenarioss and their combinationsscan conceivably emerge from the spectra and their analysis: in the first, interaction between the fragments spreads the vibrational frequencies of a group over a certain range, and in the second, the different environments experienced by each spectroscopically active group sets them apart from one another. In the first instance, spectroscopy becomes a probe of the interaction between the moieties, in the second, it becomes a probe of the local enVironment of the groups.
The work carried out in this paper presents the results of a combination of experimental and computational, or modeling, techniques aimed at obtaining a picture of the interactions and the high-frequency vibrational dynamics of the simplest octabenzamide [2] catenane, 1. The infrared and Raman spectra are recorded at standard resolution and compared with the result of molecular orbital calculations. The emerging picture of a strong and easily modified interplay between local vibrational oscillators is supported by the a simple model and the significant differences that appear in the infrared spectra of the catenane in two different matrixes.
Experimental Procedure
Preparation. [2] (1,7,14,20-Tetraaza-2,6,15,19-tetraoxo-3,5,9,12,16,18,22,25-tetrabenzocyclohexacosane)-(1′,7′,14′,20′tetraaza-2′,6′,15′,19′-tetraoxo-3′,5′,9′,12′,16′,18′,22′,25′-tetrabenzocyclohexacosane) Catenane (1). To a stirred solution of triethylamine (1.19 g, 18.9 mmol) in anhydrous (stabilized with amylenes, not ethanol) chloroform (130 mL) under argon were added isophthaloyl dichloride (0.87 g, 4.3 mmol) in anhydrous chloroform (130 mL) and p-xylylene diamine (0.58 g, 4.3 mmol) in anhydrous chloroform (130 mL) simultaneously, over 30 min using motor-driven syringe pumps. The mixture was allowed to stir overnight and then filtered. The filtrate was washed with 1 M aqueous hydrochloric acid (3 × 200 mL), then 5% aqueous sodium hydroxide (3 × 200 mL), and finally water (3 × 200 mL). The organic layer was then dried over anhydrous magnesium sulfate and concentrated under reduced pressure to afford 0.23 g (20.1%) of catenane (1); mp 315°C (decomposes); 1 Infrared Spectroscopy. The standard resolution infrared spectra were recorded with a Fourier Transform spectrometer Brüker 113V working under vacuum (10 -1 Torr). The interferometer was of the Genzel type, and the resolution was set to 1 cm -1 . A standard DTGS detector equipped with KBr and polyethilene windows was used. The catenane or the parent macrocycle powder was mixed with 200 mg of CsI or KBr and pressed into a pellet. The infrared spectra for the comparison between the KBr and the CsI matrixes were collected with a Fourier transform spectrometer BIO-RAD FT 60A equipped with a KBr beam splitter and a DTGS detector. The inferometer was of Michelson type, and the resolution was set to 2 cm -1 . The samples were again pellets of CsI or KBr with a 1.25% concentration in weight of the catenane or the parent macrocycle.
Raman Spectroscopy. The Raman spectrometer used in this study was a Brüker RFS 100 equipped with a Nd:YAG laser working at 1064 nm operated at a power of 260 mW. The resolution was set to 2 cm -1 . A Ge diode operating at liquid nitrogen temperature was used as a detector. The Raman measurements were performed in the backscattering configuration. The catenane powder was pressed into a small hole in a metallic pellet.
Theoretical Background
The semiempirical calculations carried out for this work were performed with the Gaussian92 suite of programs. 4 This package includes both semiempirical and ab initio procedures. In the semiempirical part, the Hessian matrixsi.e., the matrix of the second derivatives of the energy with respect to nuclear displacementssis obtained by numerical differentiation of the energy gradients. Calculation of this matrix is the ratedetermining step for vibrational frequencies and normal modes. Subsequent projection of the normal modes onto the vector of the dipole moment derivatives gives the infrared intensities. This part of the program does not calculate the Raman cross sections. They can be calculated ab initio at the Hartree-Fock level, but not at the semiempirical level. The numerical differentiation used to calculate the Hessian matrix, however, can be utilized advantageously to minimize the effort required when one extends the computer code to the Raman activities. The vector of the Cartesian derivatives with respect to the nuclear displacements can be readily obtained if at each step one adds the evaluation of the polarizability. Subsequent projection of the normal modes onto this vector furnishes the Raman activities. More in detail, the Raman cross section is proportional to ∂ R i n /∂Q, where R is the polarizability tensor and {Q} is the set of the vibrational normal modes. The procedure to calculate R 5 is general and can be applied both to semiempirical and ab initio wave functions. One can start from the classic expression for the energy perturbation due to an external monochromatic field, F ) F 0 (e iωt + e -iωt + 1)
where the sum over repeated indices is implied. In eq 1, µ a , R ab , and abc stand for dipole moment, polarizability, and hyperpolarizability. The term H a ) µ a F a is the perturbation responsible for the polarizability, in which where the sum runs over all the electrons. Quantum chemically, the energy variation caused by the electric field can be written as
Vibrations of a Benzylic Amide [2] Catenane J. Phys. Chem. A, Vol. 102, No. 29, 1998 5783 where H a is the dipole moment matrix in the atomic orbital basis { } whose matrix elements read and D b (F) is the density matrix perturbed along the b direction where C is the matrix of the molecular orbitals, C(0) and C(F) are the orbitals before and after the field is switched on, and n is the occupation matrix. The perturbed molecular orbitals are calculated as
where the matrix elements of U are expressed in terms of the auxiliary matrix G as where i and j refer to occupied and unoccupied orbitals and i 0 is the unperturbed energy of the orbital. The auxiliary matrix G represents the perturbation in the molecular orbital basis. This scheme can converge to the final result of eq 3 via an iterative procedure: first, the dipole moment matrix in the atomic orbital basis is built;
second, the matrix is rotated in the molecular orbital basis to give G, and subsequently U, C, and D;
third, the new perturbation is calculated with the orbitals obtained by diagonalization of the perturbed Hartree-Fock
, where J and K are the Coulomb and exchange matrixes;
fourth, the convergence is checked, and if not achieved steps 2 and 3 are repeated.
A detailed analysis of frequency-dependent and static properties calculated with this model up to third order has been given before. 5 After numerical differentiation of the polarizability with respect to the Cartesian coordinates, the vector is projected along the normal modes. The Raman intensities, I T (obs⊥), for the total light scattered in a direction perpendicular to that of the electric vector of the incident beam are obtained as where the constant is proportional to the fourth power of the field and and The theory of the Raman scattering in terms of the polarizability tensor can be found in Califano. 6 Calculations of the Raman cross sections along the scheme given above have been successful in the simulation of the spectra of C 60 , C 70 , 7 and two isomers of C 78 . 8 It is important to emphasize that the approach outlined above cannot be used in the pre-resonant and resonant regimes where the largest contribution comes from the Franck-Condon factors of the resonant state. The Raman experiments reported in this work are strictly in the off-resonant regime, and as such the procedure outlined above is deemed adequate.
Results and Discussion
In this work, we present the first characterization of the highfrequency vibrational motions of the parent benzylic amide [2]catenane. The intent is to obtain information on the interaction that exists in the molecule and that can be probed by infrared and Raman spectroscopy. To this end, we proceed in three steps: first, we present the spectra in rather general terms and compare them with molecular orbital calculations of the frequencies and intensities. Then we set up a very simple model that naturally yields a possible origin of line-broadeningsone of the causes of the difficulties in the comparison of theory and experiments. Finally, the consequences of the model are discussed in terms of the different behavior shown by the catenane and its parent macrocycle in different salt matrixes.
Introducing the Spectra. Cursory inspection of the spectra in the high-frequency region gives a fair amount of general information. The most intense, identifiable bands of the infrared spectrum shown at the top of Figure 2 can be assigned 9 as follows: are variously due to C-C stretchings, CCH and CCC bendings, further amide bands, and out-of-plane distortions.
The inspection given above of the spectra furnishes general information on the molecular structure. Insight into the properties and the dynamics of the molecule requires either the decomposition of the bands in the constituent transitions or an appropriate simulation based on quantum chemical methods.
The Calculations. The vibrational frequencies and normal modes calculations along with the simulation of the infrared intensities and Raman cross sections were performed at the MNDO level (see Table 1 ). 10 Straightforward plotting of the spectra off the computer output would be highly desirable, but for a molecule of this size, it is not a realistic possibility with the presently available quantum chemical models. Standard procedures usually employed for far smaller molecules entails the scaling of the force constants through fitting of the experimental frequencies. The large line width of the spectra made unlikely the identification of a number of frequencies sufficient to guide a fitting. We therefore decided, as a first step to improve agreement between experiment and theory, to scale the vibrational frequencies. Quite often, a common scaling factor of 0.9 has been used. 8 We soon found that this was hardly useful for benzylic amide [2] catenane. Resorting to a more elaborate scaling function gave the best agreement when the frequencies were obtained as where ν is the vibrational wavenumber in cm -1 , A is 0.116, ν 0 is 2100 cm -1 , and R is 150 cm 2 . The behavior of this function is such that the largest effects are observed for the CdO stretching region; they then taper off toward zero or toward frequencies too high to be fundamentals. A similar approach, although with a different function, was used elsewhere 11 to improve the agreement between inelastic neutron scattering experiments and their semiemprical simulation. With the frequencies obtained by this scaling equation together with the calculated infrared intensities and Raman cross sections, one can plot the stick spectra shown in Figure 2 together with their experimental counterparts. The agreement can be considered satisfactory. One should be aware of the fact that eq 11 is totally empirical and is used to improve the match between calculations and experiments. The rationale behind this approach is the observation that the inaccuracy of theory is largest in the CdO stretching region and that there is a smooth convergence toward the experimental values at low and high wavenumbers. While, this scaling function may not be general it is expected, however, that it can be transferable to other derivatives of the benzylic amide. The two most notable failures of the quantum chemical simulation are (1) the small infrared intensity in the X-H region (which is likely to require the description of the anharmonicity in the dipole moment surface 12 ) and (2) the lack of the prominent Raman line located around 1000 cm -1 . It should be noticed, however, that this line is likely to be the breathing mode of the phenyl rings and as such it owes its intensity to Franck-Condon contributions that are not present in the TDHF model employed by us. On the bright side, we notice that the simulations account well for the three main bands of the infrared region between 1000 and 1700 cm -1 and can describe the Raman X-H region and the second most intense Raman region around 1600 cm -1 . Apart from the comparison between experiment and simulations, the calculations provide the forms of the normal modes. Their analysis showed that they are, in general, quite delocalized over the entire molecule. An exception was found for the N-H stretches, which are strongly localized.
The Broadening of the Bands. To obtain a better insight in the spectra, one should consider the sources of line broadening. In a system as large as the present onesmade up by 136 atomssthe information conveyed by the spectroscopic measurements is blurred by the sheer size of it. In principle, because of the low symmetry of the molecular point group, all of the 402 fundamentals can contribute to the response. The low symmetry is intrinsic to the system that is stabilized by the hydrogen bonds and the π-electron stacking interactions that have their most evident manifestation in the presence of only one carbonyl group pointing toward the center of each macrocycle. 3 Intrinsically, the different environments experienced by each local oscillator can make their frequencies vary from the pristine value. For instance, the stretching frequencies of the eight COs will depend on whether they form a single hydrogen bond, a bifurcated hydrogen bond, or no hydrogen bond. Importantly, the interaction with the environment make the groups different and can localize the vibrational modes.
Even before the interaction with the environment, a simple mechanism can be shown to affect the frequencies of the different types of active groups. To introduce it, one can start by looking at the two components of the system, i.e., the individual macrocycles, and study one of them in a highsymmetry regime. For sake of simplicity, we consider the four CdO stretchessa similar argument with different parameters would hold for the other vibrational chromophoressand assume that to zeroth order they are equivalent (high-symmetry hypothesis). Because of the presence of the p-xylyl and isophthaloyl groups, two interactions are present between the groups; we call them R and . To maintain the model qualitative, we do not assign them. In the macrocycle, every CdO stretch has one R and one interaction. One can write the Hamiltonian matrix associated to this problem, which reads where H is the mass-weighed force constant matrix, D is the ν new ) 0.9ν calc -Aν calc e (ν calc -ν 0 ) 2 /R 2 (11) 9  1 2  1 5  1 9  2 1  2 3  2 5  2 8  2 9  3 1  3 1  3 4  i r  0  0  0  0  1  5  0  2  1  0  0  2  R  0  0  1  1  1  0  7  4  6  2  2  3  ν j  36  38  40  41  42  47  48  53  54  65  66  70  i r  2  0  0  0  5  0  3  1  0  1  0  1  R  1  6  1  4  1  3  1  2  7  0  1 4  1 1  ν j  72  77  79  87  88  91  95  96  99  103  107  111  i r  0  0  0  0  0  1  2  2  2  0  1  0  R  3  4  8  7  2  8  1  1  6  5  1  1 1  ν j  115  117  133  137  155  159  176  178  189  191  195  196  i r  0  1  8  2 6  5  5  1  1  5  0  1  8  R  3  1 2  3  8  1  2  0  9  0  5  5  3  ν j  203  203  221  221  227  228  243  245  255  256  267  269  i r  1 6  1 0  2 7  1 9  2  5  2  8  2 0  1 4  1 2  3 5  R  2  1  9  0  3  7  8  1 5  2  2  3  2  ν j  274  278  281  281  299  299  311  313  322  323  344 1375  1375  1384  1384  1389  1389  1405  1405  1410  1410  1436  1437  ir  3  1  13  0  25  69  1  82  11  21  1  24  R  1  2  7  2 3  1 2  2 3  2 3  2  2 3  1 3  1 0  2 4  ν j  1442  1444  1446  1447  1450  1451  1453  1453  1457  1457  1461  1461  ir  300  829  257  865  48  1  252  24  62  37  4  8  R  15  4  20  16  15  27  16  34  3  11  10  33  ν j  1462  1462  1469  1469  1472  1472  1475  1475  1483  1483  1513  1513  ir  20  51  16  72  71  25  31  24  6  16  10  22  R  7 8  1 7  6 8  5 1  1 1  2 0  2 6  5 9  7 6  2 7  0  0  ν j  1515  1516  1546  1547  1547  1547  1586  1586  1587  1587  1626  1626  i r  3  2 9  7  2 5  2  1  3  5  2  2  2 7  1  R  1  2  2  4  0  1  1  3  2  2  1  2  ν j  1627  1627  1660  1660  1663  1663  1666  1667  1673  1673  1695  1695  ir  3  1  39  49  394  301  650  33  178  696  3  0  R  1 . We emphasize, however, that this is just a possibility presented here to obtain a qualitative insight into the vibrational dynamics of the system. The effect of asymmetry on the levels of both macrocycles can be readily gathered from the following and will not be treated. Diagonalization yields the results reported in Table 2 where the infrared intensities are calculated assuming that each local oscillator has intensity one and that its contribution to the normal mode intensity is given by the square of its component in the eigenvector. Inspection of the table shows that introduction of the asymmetry redestributes the intensity and spreads even more the active frequencies.
Sidebands are predicted to arise at low and high frequencies.
In practice, the result is a larger line width for the CdO stretch region. Interestingly, the model also predicts a larger line width for the catenane than for the parent macrocycle.
While the picture presented above is intended to be qualitative, it can be helpul in explaining the experimental observation (see below) that the infrared spectrum of the catenane is quite sensitive to the environment. In the model, the effect of small environmental variations can be simulated by a change of the scaling factor of the diagonal element which, in turn, results in a shift of the center of the spectroscopically active band. Figure 3 presents two selected regions of the spectra of the catenane and the parent macrocycle in KBr and CsI. We limit the comparison to the amide band II and CdO stretching regions and the N-H stretching region. Remarkably, in the case of the catenane, upon going from KBr to CsI, the amide II and CdO stretching bands are upshifted by 7-8 cm -1 , while the NH stretching band is upshifted by 30 cm -1 . These frequency shifts are very nearly absent (∼1 cm -1 ) in the spectra of the parent macrocycle. In agreement with the model, the line width of the spectrum of the catenane is larger than that of the macrocycle. In the future, we plan to measure the same frequency shifts in a series of salt matrixes for at least two benzylic amide catenanes. These measurements should lead to the development of a quantitative model to understand the phenomenon.
Conclusion
In this work, we have commenced the characterization of the vibrational properties of the simplest member of the family of benzylic amide [2] catenanes. As one might have predicted, in a system of the complexity and the rather low symmetry as the present one, general retrieval of information from the vibrational spectra is not easily accomplished. However, the very nature of the moleculesin which several similar groups interact either via bonds or via spacesresults in a system with a high sensitivity to the environment. We have found proof of this in the modification of the infrared spectrum of the catenane in KBr and CsI. In the latter environment, the peaks associated to amide band II and the CdO stretchings are downshifted by 8 cm -1 while the NH stretching peak is downshifted by 30 cm -1 . This behavior is typical of the catenane only and is not present in the macrocycle. A simple qualitative model can rationalize this behavior. We conclude with the final suggestion that the ability to tune this remarkable property of the catenane to modify its vibrational response under rather small perturbations may lead to a vibrationally based sensors.
